Unbalanced magnetron sputtering depositions have been performed on 310S stainless steel specimens. Different Ar partial pressures were applied to produce nanociystalline coatings with different grain size. A scanning electron microscope (SEM) and an atomic force microscope (AFM) were used to study the detailed morphology of the coatings. The cyclic oxidation behaviours of the coated and uncoated specimens at 1000°C for up to 200 hours have been studied. It was found that the coated and uncoated specimens showed similar oxidation mass gains, but the spallation resistance of the coated specimens was improved significantly. The uncoated 310S showed scale spallation much earlier than the coated specimens, and the quantity of the spalled scales was reduced by -80% from the uncoated specimens. The oxidation kinetics of the coated specimens were analysed by considering both the grain boundary and lattice diffusion effects. The spallation behaviours were analysed in terms of fracture energy.
INTRODUCTION
310S (Cr25-Ni20) stainless steel is an important commercial alloy that is widely used at high temperatures. It is an austenitic stainless steel containing relatively high Cr and Ni. The oxidation behaviours at 800 and 1000°C have been studied by Stott and Wei III. At 1000°C, it forms a protective Cr 2 0 3 -rich layer, while at 800°C it forms Fe-Cr spinal scale with less protective ability. Alloy grain size is believed to influence the oxidation behaviour. Merz compared oxidation behaviours of sputter-deposited and wrought 304 stainless steel specimens 111. The grain size of the sputtering deposited specimens was in the range of ~500 nm. Before oxidation tests, the sputtering deposited specimens were annealed at 1000°C for 4 hours in vacuum. The grain size of the deposited coating was ~5 μιη after annealing. It was reported that the oxidation rate decreased with reducing grain size. This was attributed to the small grains that promote the preferential oxidation of Cr. Microcrystallisation, therefore, has been considered as one of the possible ways to improve oxidation resistance of materials. However, there have been few studies on the effects of coating grain size and microstructures on the oxidation behaviours of alloys, and the mechanisms of the grain size effect on the oxidation kinetics are not well understood.
The magnetron sputtering technique was developed in the 1980s. With this technique, coatings with microor nano-crystal structures can readily be produced on substrates. In the present work, an unbalanced magnetron sputtering machine was used to produce nanocrystal coatings of 310S stainless steel on 310S substrates. Argon partial pressures were varied to produce coatings with different grain size and microstructures. Cyclic oxidation was performed with the coated and uncoated specimens at 1000°C. The present paper concentrates on the effect of grain size on the oxidation kinetics and oxide spallation behaviours of nanocrystal coatings.
EXPERIMENTAL ASPECTS
The chemical composition of the steel used in this work is shown in Table 1 (wt.%). Specimens were prepared in the dimensions of 3.0 χ 10 χ 15 mm.
Unbalanced Magnetron Sputtering Deposition
310S stainless steel substrates were coated using a single unbalanced magnetron coating device with a target of 310S steel. The substrates were mechanically polished to 6 μηι and ultrasonically cleaned in acetone before deposition. All substrates were weighed before and after deposition to measure the coating mass gains. The pre-deposition procedure consisted of 90 min of radio frequency (RF) plasma substrate cleaning and 5 min of target cleaning. The deposition time was 120 min, and the other deposition parameters are listed in Table 2 . Five specimens were coated in each deposition run. During deposition, the substrates rotated at a rate of 4.2 rpm. The substrates-target set-up is schematically shown in Fig. 1. 
Oxidation Testing
Cyclic oxidation tests were performed in a horizontal furnace at 1000°C up to 200 hours in ambient atmosphere. The specimen was held in a quartz crucible so that the spalled oxides could be collected. The crucible was 15 mm in diameter and 40 mm in length. The temperature accuracy of the furnace was within ±1 K. Two crucibles were put into an aluminium boat. The boat and crucibles were heated for 24 hours before testing. Specimens and crucibles were weighed on an electronic balance with a sensitivity and accuracy of 0.01 and 0.02 mg, respectively. After the required period of time, the boat was pulled out and air cooled to ambient temperature. Then the total weight changes of the specimens plus the crucible and the net weight changes of the specimens were measured separately and recorded. Figure 2 shows the shape and dimensions of a crucible.
Morphology Studies
An atomic force microscope (AFM) was used to observe the morphologies of coatings. A scanning electron microscope (SEM) was used to study the morphologies of the oxides. Energy dispersive spectroscopy (EDS) with the ZAF correction programme was used to determine the chemical compositions of the oxide products. X-ray diffraction (XRD) was used to identify phase crystal structures.
EXPERIMENTAL RESULTS

Coating Morphology
Figures 3(a)-3(c) show AFM micrographs of an uncoated specimen and the coatings produced with different argon partial pressures. Figure 4 shows the relationship of the grain size in coatings, average coating thickness and Ar partial pressures, indicating that the average grain size of the coatings increases with increasing Ar partial pressure. Oxidation and spallation kinetics of coated and uncoated 310S specimens.
Oxidation Behaviour
Oxidation and spallation kinetics
-650 nm (C5), the total spallation is only marginally lower than the uncoated 310S. However, with a grain size ~100 nm (B5), the total spallation is reduced to ~20% of the uncoated 310S, indicating that the spallation resistance can be significantly improved by optimising the deposition process. It was also observed that the initial spallation in the uncoated 310S specimens occurred much earlier than the coated specimens. For uncoated 310S, spallation took place after ~5 hours of oxidation, while the coated specimens went more than 25 hours of oxidation before spallation could be detected. During the early oxidation stages (<50 hours), the spallation started and increased slowly. After 50 hours of oxidation, spallation increased much faster than before. Figure 6 shows SEM micrographs of the oxide products formed on the surfaces of the coated and uncoated specimens. Some rhombohedral-like oxide grains remain on the surfaces, as the arrows indicate in Figures 6(a) and 6(b); while for the 310S specimen, only very homogeneous oxides are on the specimen. This indicates that more serious spallation took place on the uncoated 310S specimen than the coated specimens during cyclic oxidation. By using EDS detecting, the rhombohedral-like oxide grains on B5 and C5 were found to have high Cr contents and relatively low Mn contents. Table 3 summarises the EDS results of the chemical compositions of the surface oxides. In the coated specimens, Mn concentrations were found to be much higher than the uncoated 0.1mm20.0kU 3.8 8 Ε 2 B625/01 3COM where surface microcrystallisation was thought to promote the formation of protective Cr oxides. From the present results, we believe that the oxidation kinetics of the coated specimens were influenced by two effects: Firstly, the Mn-and Ni-rich spinels have higher growth rates than Cr 2 0 3 ; secondly, less spallation on the coated specimens reduces the oxidation rates. Thus the total oxidation rates of the coated specimens were similar to the uncoated 310S, reflecting the combination of these two effects. on the coated and uncoated specimens. From the results, it can be seen that for the coated specimens the oxide layer consisted of an outer Mn and Cr rich spinel layer, and an inner Cr rich layer; for the uncoated specimen, the outer layer is relatively rich in Cr, Ni and Fe.
Oxidation products
4. DISCUSSION
Spallation Resistance
Spallation resistance is one of the most important factors for evaluating the oxidation resistance of an engineering alloy in practical applications. After nanocrystallisation, although the diffusions of Mn and Ni were accelerated, the spallation tendency of the oxides was clearly reduced. To analyse the spallation behaviour, we use the strain energy theory developed by Moon and Lee 161. The spallation fraction of the oxide scale can be expressed as: where F is the fraction of the spalled oxide, W s is the specific weight of the oxide, W m is the weight of the oxide formed during a heating cycle, Yf is the energy required to produce unit area of fresh surface at the oxide-metal interface. y F is also defined as the fracture energy. AT is the temperature change, m is a constant, m 0 and m m are the atomic weight of oxygen and the molecular weight of the oxide scale, respectively, β is a parameter relating to the adhesion strength of the scale. The stronger the adhesion, the higher the value of β IM.
β can be expressed as:
' s'"ox^ ox L where P M is the oxide density, E M is the Young's modulus of the oxide scale, v M is the Poisson's ratio of the oxide scale, Δα is the difference in the thermalexpansion coefficients between the metal and the oxide scale, and f s is jhe fraction energy stored in the scale volume. According to Moon and Lee /4/, the value of m for Ni-25Cr alloy was -1.7. Although 310S stainless steel consists of Fe, Cr, Ni and Mn, it is reasonable to use this value because the same oxide, Cr 2 0 3 , is formed at the early stage of oxidation III. Assuming the oxide products formed on the coated and uncoated 310S stainless steels are of the same nature, and using the first detectable spallation as the initial spallation, the values of β for the first spallation in all specimens can be calculated by using the m value. For B5 and C5 coatings, the values of β were calculated to be 3.3xl0 7 and 1.4xl0 7 φ^, respectively. For the uncoated specimen, this value is about 1.65xl0 6 tflC^.
Κι is expressed as the ratio of the molecular weight of oxide to the total atomic weight of oxygen in the oxide, i.e., K\ -The ratios of the f s values of the coated 3m a and uncoated specimens are then calculated as 0.05, and 0.12 for B5 and C5 specimens respectively. This indicates that the fraction energy in the oxide scales has been significantly reduced due to surface nanocrystallisation.
Stresses in the oxide scales generally include growth stress and thermal stress. They were generated during oxidation and temperature change. Fraction energy has been accumulated in the oxide scale before spallation takes place. At the same time, stresses can be released due to the diffusion creep to some extent at elevated temperatures 151. The creep strain rates can be calculated by /6/:
where d is the average grain size, δ is the grain boundary thickness, k is the Boltzmann constant, σ is the tensile stress, Ω is the volume of oxide, D L and D B are the lattice diffusion coefficient and grain boundary diffusion coefficient respectively, Β ι and B 2 are constants.
From Equation (3), it can be seen that if the oxide grain size is reduced by one order of magnitude, creep strain rate can be increased by three orders of magnitude. Generally, the oxide grains formed on a microcrystalline alloy, especially at the early stage of oxidation, are much smaller than those formed on an alloy with normal grain size 151. Therefore, the stresses stored in the oxide scales can be released effectively in a microcrystalline alloy. The accumulation rate of the fraction energy is then reduced. This means that the adhesion between the oxide scale and base metal can be improved due to the alloy nanocrystallisation. With the oxidation going on, the creep diffiision rate decreases because of the grain growth of the oxide. As a result, all of the specimens tend to show a similar spallation behaviour after a long period of oxidation.
ship can be established to describe the oxidation kinetics, 2
where AC is the concentration difference across the oxide scale, and χ is the thickness of the oxide film.
The initial grain size of the oxide is very small and can be ignored, i.e., δο » 0. Equation (6), therefore, can be simplified as:
Effect of Nanocrystallisation on Oxidation Kinetics
For an alloy with a nanocrystalline coating, the grain boundary density is much higher than the uncoated alloy. During oxidation, these grain boundaries provide fast diffusion paths for mass transfer, and the protective layer of Cr 2 0 3 can be easily formed to reduce oxidation rates. The oxidation process is therefore controlled by both grain boundary and lattice diffusions. A number of investigators have studied the role of grain boundary diffusion in oxidation behaviours. Herchl et al. Ill and Perrow et al. IS/ took the short-circuit diffusion effect into account by considering the overall effective diffusion coefficient and the oxide grain growth process. The overall diffusion coefficient is expressed as:
and the grain growth process is expressed as:
Equation (7) consists of two items: the first item represents the lattice diffusion effect, and the second one represents the grain boundary diffusion effect. Because during early oxidation stages (before 50 hours), scale spallation is negligible compared with the gross mass gains, Equation (7) can be used to analyse the oxidation kinetics. Figure 8 where / denotes the fraction of the total number of diffusion sites that are situated in the grain boundaries, δο is the nuclei size and d, is the grain size of oxides at Based on these assumptions, the following relation- The rate constants in the above equations are determined by the whole oxidation rate. The effects of grain size can be seen by comparing the coefficients of the first terms and the second terms. We defined the two items in Equations (8)- (10) as SI and S2, respectively. The ratio of S1/S2 represents the relative effect of grain boundary diffiision on the oxidation kinetics. The relationships of S1/S2 versus time is plotted in Figure  9 . It can be seen that at the initial stage, the ratio S1/S2 is very high for the coated specimens. This means that the grain boundary diffiision plays an important role in oxidation. With increasing time, the ratio decreased to a stable value, indicating that the grain boundary effect is reduced by the grain growth process. Figure 9 also shows that for the coated specimens, the ratio S1/S2
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High Temperature Materials and Processes increases with decreasing grain size, indicating that the alloys coated with smaller grains have more significant effects on the oxidation kinetics than those with coarse grains. The S1/S2 ratio of uncoated 310S is also plotted in Figure 9 , showing a much lower S1/S2 than the specimens with microcrystalline coatings.
CONCLUSIONS
1. With different deposition Ar pressures, different coating morphologies and grain size were produced on 310S stainless steels by using unbalanced magnetron sputtering. These coatings showed different oxidation behaviours compared with the uncoated 310s specimens. The oxidation rates were slightly decreased with the decreasing grain size. The total mass gains per unit area of the coated specimens with the finest grains were reduced by -30% compared with the uncoated 310S specimens.
2. After -200 hours oxidation, the surface oxide on the coated specimens showed much higher Mn concentrations, and lower Cr concentration than the uncoated 310S specimen. This means that nanocrystallisation promotes the diffusions of Mn.
3. The spallation behaviours of the coated and uncoated 31 OS specimens were quite different at the The relationships of the ratio of S1/S2 versus time. early oxidation stages (<50 hours). For the uncoated 310S specimens, spallation was observed after 5 hours oxidation. For the specimens with nanociystalline coatings, obvious spallation was observed after ~25 hours oxidation. The spallation quantities of the coated specimens with the finest grain size reduced by ~80% compared with the uncoated 310S specimen.
4. The oxidation kinetics of coated and uncoated specimens can be expressed by using equations which take both the grain boundary diffusion and lattice difiusion effects into account. The spallation behaviour is analysed with the strain energy theory. The improvement of spallation resistance for the nanocrystal-coated specimens lies in the promotion of the stress relaxation due to the diffusion creep of the fine oxides during oxidation processes.
